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Abstract
We investigate the interplay between the string scale and phenomeno-
logical scales in orientifold compactifications. Specifically, we discuss in
generality the tension that often arises in accounting for neutrino masses,
Yukawa couplings, and a µ-term of the correct order and show that it of-
ten constrains the string scaleMs. The discussion focuses on two scenarios
where, (1) the observed order of the neutrino masses are accounted for by
a D-instanton induced “stringy” Weinberg operator, or (2) effectively via
the type I seesaw mechanism with an instanton induced Majorana mass
term. In both scenarios, the string scale might be further constrained if
the suppression factor of a single D-instanton must account for two of the
phenomenological scales. For the sake of concreteness, we present phe-
nomenologically viable quivers which exhibit these effects and perform a
systematic analysis of four-stack and five-stack quivers which give rise to
the exact MSSM spectrum and account for the order of the neutrino masses
via the stringy Weinberg operator.
1 Introduction
One of the most challenging problems in string theory is the quest for string vacua
which give rise to the phenomenology observed in nature. In addition to realiz-
ing the experimentally observed gauge symmetries and matter content, realistic
string models should also account for finer details, such as the mixing angles and
disparate mass scales exhibited by the Yukawa couplings. D-brane compactifi-
cations provide a promising framework for addressing such questions [1–3]. In
these compactifications, gauge groups appear on stacks of D-branes which fill out
four-dimensional spacetime, and chiral matter appears at the intersection of two
stacks.
This localization of gauge theory exhibited in D-brane compactifications,
which is not present in heterotic compactifications, allows for gauge dynamics
to be addressed independently of gravitational considerations. That is, many
quantities relevant to particle physics, such as the chiral spectrum or the super-
potential, are independent of global aspects of the geometry. Thus, for a large
class of phenomenological questions it is sufficient to consider local D-brane se-
tups which mimick a gauge theory with a desired matter field content, instead
of considering a global D-brane compactification. These local setups are called
D-brane quivers and this “bottom-up” approach to model building was initiated
in [4–6].
Recently, there have been extensive efforts [7–14] to construct semi-realistic
bottom-up MSSM quivers. In theses quivers, desired Yukawa couplings are often
perturbatively forbidden, since they violate global U(1) selection rules which are
remnants of the generalized Green-Schwarz mechanism. It has been shown [15–18]
that D-instantons can break these global U(1) selection rules and induce pertur-
batively forbidden couplings (for a review, see [19]). In [10] (see also [13]), the
authors performed a systematic bottom-up search of D-brane quivers that exhibit
the exact MSSM spectrum including three right-handed neutrinos. They investi-
gated which quivers allow for the generation of the MSSM superpotential, pertur-
batively or non-perturbatively, without inducing any undesired phenomenological
drawbacks, such as R-parity violating couplings or a µ-term which is too large.
One phenomenological requirement often imposed on bottom-up quivers is
the existence of a mechanism which accounts for the smallness of the neutrino
masses. There have been many studies of such mechanisms, both from the
field theory and string points of view (for a review, see [20]). Many models
involve small Majorana masses associated with the higher-dimensional Wein-
berg operator [21] CLHuLHu/M , where M/C ∼ 10
14 GeV. The Weinberg op-
erator may be generated by integrating out heavy states in the effective four-
dimensional field theory, such as a heavy right-handed Majorana neutrino (the
type I seesaw mechanism). However, in D-brane compactifications a large Majo-
rana mass for the right-handed neutrino is likely to be due to non-perturbative
D-instanton effects [15, 17, 22–25], while in other string constructions it may be
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due to higher-dimensional operators emerging from the string compactification
(see, e.g., [26,27]). It is therefore worthwhile to consider the alternative possibility
that the Weinberg operator is generated directly by D-instantons or other stringy
effects without introducing the intermediate step of a stringy right-handed neu-
trino mass1. (Other types of string effects may lead to other possibilities, such
as small Dirac neutrino masses [30, 31]).
In D-brane compactifications, the scales of important superpotential couplings
are often dependent on some combination of the string scale Ms and the suppres-
sion factors of instantons which might induce them. Thus, it is interesting to
examine whether or not a string scale different from the four-dimensional Planck
scale assists in accounting for the phenomenological scales observed in nature.
For example, in [9] it was argued that a lower string scale may avoid the presence
of a large µ-term and thus may relax some of the bottom-up constraints imposed
in the systematic analyses of [10,13]. In addition to the possibility of being help-
ful in model building, a lower string scale is intriguing because it might give rise
to stringy signatures arising from exotic matter and Regge excitations observable
at the LHC (see, e.g., [32–41] and references therein).
In this work we explore various implications of a lower string scale Ms for
bottom-up D-brane model building. Specifically, we analyze what a lower string
scale implies for dimensionful superpotential terms, namely the µ-term and the
Weinberg operator, where the latter can be induced directly by a D-instanton
or effectively via the type I seesaw mechanism. It has long been realized [20, 42]
that a generic string induced Weinberg operator with M ∼ Ms ∼ 10
18GeV and
C ≤ 1 cannot account for the observed neutrino masses. However, with a lower
string scale the induced Weinberg operator may be the primary source for the
neutrino masses. The D-instanton case is even more problematic [23], since C
is typically exponentially suppressed. Again, however, it is possible to account
for the observed neutrino masses via a D-instanton induced Weinberg operator if
one lowers Ms [23].
We analyze two scenarios in detail. First, we investigate the implications on
the string scale Ms and bottom-up model building constraints in the case where
the D-instanton induced Weinberg operator is primary source for the neutrino
masses. We discuss in detail the consequences for the case where the Weinberg
operator inducing instanton also induces some of the desired, but perturbatively,
missing superpotential couplings. Second, we investigate the implication of a
lower string scale for the case where the Weinberg operator is induced effectively
via the type I seesaw mechanism with a D-instanton induced Majorana mass
1We note the analogy to the work of Klebanov and Witten [28], and the subsequent work
of [29], which calculated the superpotential contributions of stringy dimension six proton decay
operators in GUT models and analyzed them relative to their effective field theoretic counter-
parts. Here, we consider the possibility that the Weinberg operator is a stringy effect rather
than a field theoretic operator generated effectively by the Majorana mass term NRNR or
dimension four R-parity violating couplings, such as qLLdR.
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term. Again we analyze the constraints on the string scale and on the bottom-up
model building if the Majorana mass term generating instanton also induces one
of the perturbatively forbidden superpotential couplings.
Furthermore, we perform a systematic analysis of D-brane quivers similar
to the one performed in [10, 13], where the spectrum is the exact MSSM spec-
trum without right-handed neutrinos and the neutrino masses are induced by a
stringy Weinberg operator. It turns out that the absence of right-handed neu-
trinos requires at least four stacks of D-branes. Imposing constraints inspired
by experimental observation, such as the absence of R-parity violating couplings,
rules out a large class of potential D-brane quivers. Allowing for an additional
D-brane stack gives many more solutions, which serve as a good starting point
for future model building.
This paper is organized as follows. In chapter 2, we discuss the implications for
the string scale if a D-instanton induced Weinberg operator is the primary source
for the neutrino masses. We analyze further constraints on the string scale if an
instanton which induces a desired, but perturbatively forbidden, Yukawa coupling
also induces one of the dimensionful superpotential couplings, the µ-term or the
Weinberg operator. Furthermore, we perform a systematic analysis of multi-stack
D-brane quivers that exhibit the exact MSSM spectrum, where the neutrino mass
is due to a D-instanton induced Weinberg operator. The details and results of
this analysis are displayed in appendix A. In chapter 2, we assume the presence of
right-handed neutrinos and the Weinberg operator is induced effectively via the
type I seesaw mechanism. We discuss the implications for the string scale Ms if
the instanton that induces one of the dimensionful quantities, the Majorana mass
term for the right-handed neutrinos or the µ-term, also generates a perturbatively
forbidden, but desired, Yukawa coupling.
2 The Stringy Weinberg Operator
It is known that D-instantons can induce a Weinberg operator which will give
contributions to the neutrino masses [23]. Much of the discussion thus far has
focused on the key fact that for the usual value of the string scale,Ms ≃ 10
18GeV ,
such a Weinberg operator gives contributions of at most 10−5eV , which is four
orders of magnitude too small2. This can be seen explicitly by examining the
form of a D-instanton induced Weinberg operator,
e−S
WB
ins
LiHu L
j Hu
Ms
, (1)
where the stated result is under the assumptions of an instanton suppression
e−S
WB
ins ≃ 1 and 〈Hu〉 ≃ 100GeV , which is the best case scenario, since an instan-
2The neutrino masses are measured to be in the range 10−2− 1 eV , but for simplicity’s sake
in the following analysis, we take the mass to be 10−1 eV .
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ton with e−S
WB
ins < 1 further suppresses the masses. Therefore, if Ms ≃ 10
18GeV ,
the D-instanton induced Weinberg operator only gives subleading corrections to
the neutrino masses, and another mechanism must account for their observed
order. In what follows, we refer to this mechanism as the stringy Weinberg op-
erator.
Lowering the string scale has been proposed as a potential solution to the
hierarchy problem [43, 44]. In such a scenario, the small string scale is due to
large internal dimensions which could lower the string scale down to the TeV scale,
leading to the interesting signatures at the LHC mentioned in the introduction.
A lower string scale is also an interesting possibility from the point of view of
the Weinberg operator, since from (1) we see that with a string scale
Ms . 10
14 GeV, (2)
it would give contributions on the order of 10−1 eV , and thus could be the primary
mechanism for generating neutrino masses.
In this chapter, we explore the possibility that such a Weinberg operator is
the primary source of the neutrino masses. We will see that a given quiver will
require Ms to be in a particular range if one hopes to obtain Yukawa couplings,
a stringy Weinberg operator, and a stringy µ-term of the desired order. This
puts stringent constraints on the relation between the string scale and instanton
suppression factors. Specifically, if the stringy Weinberg operator is to be of the
observed order, then the instanton suppression factor of the Weinberg operator
and the string scale are related to each other via
Ms
e−S
WB
ins
= 1014GeV . (3)
Furthermore, if the µ-term is generated non-perturbatively there is also a relation
between the string scale Ms and the µ-term instanton suppression factor, given
by
Ms e
−Sµins = 100GeV. (4)
From (3) and (4), it is clear that there is an additional relation relating the
suppression factors of the instantons which generate the Weinberg operator and
the µ-term, given by
e−S
µ
ins e−S
WB
ins ≃ 10−12. (5)
These general observations must hold in order to obtain a µ-term of the desired
order and neutrino masses of the observed order via a stringy Weinberg operator.
The interplay between the instantons in these relations and the instantons which
generate the Yukawa couplings generically give three different ranges for Ms,
which we now discuss.
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2.1 Ms ≃
(
103 − 1014
)
GeV
As discussed above, a stringy Weinberg operator in a compactification at the
usual string scale Ms ≃ 10
18GeV generates neutrino masses which are too small
by four orders of magnitude. From (3), we see that this can be compensated
for if Ms ≃ 10
14GeV , in which case a stringy Weinberg operator could be the
primary source of neutrino mass. We emphasize, however, that this numerical
value is entirely based on the choice of an O(1) suppression factor for the instanton
which generates the Weinberg operator. Further suppression due to the instanton
could forces one to further lower the string scale to account for the observed
neutrino masses. The string scale as low as the TeV scale is still compatible with
experimental observations. Thus the range for the string mass is given by
Ms ≃
(
103 − 1014
)
GeV . (6)
In this range, a stringy µ-term of the correct order can be generated by an
instanton with suppression e−S
µ
ins ≃ 10−12−10−1. We emphasize that, though this
is the widest range of string scales compatible with a stringy Weinberg operator
being the origin of the observed order of neutrino masses, a particular quiver
might contain effects which constrain the range. We now discuss two such effects.
2.2 Ms ≃
(
109 − 1014
)
GeV
Often times an instanton which is required to generate a perturbatively forbidden
Yukawa coupling also generates the Weinberg operator. This gives the relation
e−Sins ≡ e−S
WB
ins = e−S
Y uk
ins , (7)
since the two suppressions are associated with the same instanton. In this case,
the fact that the instanton might account for either the electron mass or the
bottom-quark mass gives the lower and upper bound
10−5 ≤ e−Sins ≤ 1. (8)
Given that the suppression factor of the instanton is set by requiring that the
Yukawa couplings are of the correct order, equation (3) requires that
Ms ≃
(
109 − 1014
)
GeV . (9)
Furthermore, since the string scale is bounded, this implies that a D-instanton
induced µ-term has a suppression factor e−S
µ
ins in the range 10−12 ≤ e−S
µ
ins ≤ 10−7.
For the sake of conreteness, we present a five-stack quiver which exhibits this
effect. Its matter spectrum and transformation behavior is given in Table 1,
where the SU(3)C and SU(2)L of the MSSM arise from a stack a of three D-
branes and a stack b of two D-branes, respectively. The hypercharge is given by
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the linear combination U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e, where
the U(1)’s of c, d, and e are associated with three other D-branes, making this a
five-stack quiver. All other linear combinations of these U(1)’s become massive
via the Green-Schwarz mechanism and survive as global symmetries which have
to be obeyed on the perturbative level.
Sector Matter Fields Transformation Multiplicity Hypercharge
ab q1L (a, b) 1
1
6
ab′ q2,3L (a, b) 2
1
6
ac dR (a, c) 3
1
3
ac′ u1R (a, c) 1 −
2
3
ad′ u2R (a, d) 1 −
2
3
ae′ u3R (a, e) 1 −
2
3
bc′ Hd (b, c) 1 −
1
2
bd Hu (b, d) 1
1
2
bd′ L1,2 (b, d) 2 −1
2
be′ L3 (b, e) 1 −1
2
ce′ E1,2R (c, e) 2 1
dd′ E3R d 1 1
Table 1: Spectrum for a quiver with U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e.
Both, the Weinberg operator L1,2Hu L
3Hu as well as the Yukawa coupling
q1LHu u
3
R are perturbatively forbidden since they have non-vanishing charges un-
der some of the global U(1)’s, namely
Qa = 0 Qb = −2 Qc = 0 Qd = 1 Qe = −1 . (10)
Couplings of this charge can be induced by an instanton E2 with intersection
numbers3
IE2a = 0 IE2b = −1 IE2c = 0 IE2d = 1 IE2e = −1. (11)
If the presence of this instanton E2 is required to account for the observed order
of the charm-quark mass and neutrino masses
m13ν = m
23
ν = e
−SE2
L1,2Hu L
3Hu
Ms
, (12)
then the string mass must satisfy
Ms ≃ 10
12 GeV . (13)
3Positive intersection number IE2a corresponds to fermionic zero mode λa, tranforming as
fundamental under the global U(1)a. We refer the reader to [10] for further details on the the
non-perturbative generation of desired superpotential terms in semi-realistic D-brane quivers.
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Here we assume that the suppression factor e−SE2 is of the order 10−2 to give the
observed hierarchy between the top-quark and charm-quark mass.
This effect occurs in many quivers, but in this particular quiver there are
two subtle issues which allow us to evade the further lowering of the string mass
in (13). First, note that the Weinberg operator L1,2Hu L
3Hu has two fields of
positive Qd charge and one of negative Qd charge, so that the overall charge of the
coupling is Qd = 2 − 1 = 1. Such a case allows for the coupling to be generated
by an instanton with vector like zero modes [7, 10, 11], and here this instanton,
E2
′
, would exhibit the intersection pattern
IE2′a = 0 IE2′b = −1 IE2′c = 0 IE2d′ = 1 IE2′e = −1 I
N=2
E2
′
d
= 1 . (14)
Note that this instanton does have the same global U(1) charges as the instanton
E2 but does not generate q1LHuu
3
R, and thus its suppression factor is not bounded.
Therefore, if present, its suppression factor can be tuned to account for neutrino
masses of the observed order without being forced to constrain the string mass,
as in (13).
Additionally, we emphasize that E2 and E2
′
only generate certain couplings
in the neutrino mass matrix. If the instantons which generate the other entries
of this matrix can sufficiently account for the order of the neutrino masses, then
one is not forced to lower the string mass, since the contributions of E2 and
E2
′
would be small corrections to the observed neutrino masses. Therefore, for
generic quivers, a detailed analysis of the neutrino mass matrix is required to
determine whether or not the string scale must be constrained as in (13).
2.3 Ms ≃
(
103 − 107
)
GeV
Similarly, often times an instanton which is required to generate a perturbatively
forbidden Yukawa coupling also generates the µ-term. This gives the relation
e−Sins ≡ e−S
µ
ins = e−S
Y uk
ins , (15)
since the two suppressions are associated with the same instanton. In this case,
the fact that the instanton might account for either the electron mass or the
bottom-quark mass gives the lower and upper bound
10−5 ≤ e−Sins ≤ 1. (16)
Given that the suppression factor of the instanton is set by requiring that the
Yukawa couplings are the correct order, equation (4) requires that
Ms ≃
(
103 − 107
)
GeV. (17)
Furthermore via relation (5) the suppression factor of the D-instanton inducing
the Weinberg operator has a suppression factor e−S
WB
ins in the range 10−11 ≤
e−S
WB
ins ≤ 10−7.
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Sector Matter Fields Transformation Multiplicity Hypercharge
ab q1L (a, b) 1
1
6
ab′ q2,3L (a, b) 2
1
6
ac dR (a, c) 3
1
3
ac′ u1,2R (a, c) 2 −
2
3
ae′ u3R (a, e) 1 −
2
3
bc Hu (b, c) 1
1
2
bc′ Hd (b, c) 1 −
1
2
bd′ L1,2 (b, d) 2 −1
2
be L3 (b, e) 1 −1
2
cd′ E1R (c, d) 1 1
ce′ E2,3R (c, e) 2 1
Table 2: Spectrum for a quiver with U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e.
For the sake of concreteness let us discuss a concrete quiver which realizes
such a scenario. In Table 2 we display the spectrum and its origin for a five-stack
quiver where, as in the previous example, the hypercharge is given by the linear
combination
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e . (18)
Note that the µ-term is perturbatively absent since it carries non-vanishing charge
under the global U(1)’s
Qa = 0 Qb = −2 Qc = 0 Qd = 0 Qe = 0. (19)
An instanton E2 with an intersection pattern
IE2a = 0 IE2b = −1 IE2c = 0 IE2d = 0 IE2e = 0 (20)
induces the missing µ-term. However, the very same instanton also generates the
perturbatively missing couplings q1LHu u
1,2
R and q
1
LHd d
1,2,3
R which are necessary
to give masses to the lightest quark family. To account for the observed mass
hierarchy between the heaviest and lightest family the suppression e−SE2 factor
is expected to be of the order 10−5. This implies that the string scale is of the
order
Ms ≃ 10
7 GeV . (21)
Via equation (5), this implies that the suppression factor of the instanton which
induces the Weinberg operator is expected to be of the order e−S
WB
ins ≃ 10−7.
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2.4 A Systematic Analysis of MSSM quivers
In this chapter we have seen that the string scale must satisfy Ms . 10
14GeV
if one hopes to account for the observed order of neutrino masses via a stringy
Weinberg operator. Furthermore, we have shown that often times the suppression
factor of the instanton which induces the Weinberg operator or µ-term is con-
strained by the requirement that the same instanton generates a Yukawa coupling
of the correct order. This further constrains the value of the string mass.
In Appendix A, we perform a systematic analysis of all four-stack and five-
stack quivers that exhibit the exact MSSM spectrum without right-handed neu-
trinos, which is similar to the analysis performed in [10]. We impose top-down
constraints which arise from global consistency conditions, such as tadpole cancel-
lation, and bottom-up constraints which are motivated by experimental observa-
tions. The latter include, among other things, the absence of R-parity violating
couplings and the absence of dimension 5 operators that lead to rapid proton
decay. The small neutrino masses are due to a stringy Weinberg operator as dis-
cussed above. Thus, for all these quivers the string mass must beMs . 10
14GeV
to account for the observed neutrino masses. All four- and five-stack quivers
which pass the top-down and bottom-up constraints are listed in the tables in
Appendix A. We mark setups in which the string scale is further constrained due
to scenarios discussed in sections 2.2 and 2.3. The class of setups which pass all
the top-down and bottom-up constraints serve as a good staring point for future
D-brane model building.
3 The Effective Weinberg Operator
In the previous chapter we investigated the generation of neutrino masses via a
Weinberg operator induced by a D-instanton. We saw that in order to get realistic
neutrino masses the string scale has to be Ms . 10
14GeV and have shown that
the suppression factor of the Weinberg operator inducing instanton and the µ-
term inducing instanton are related to each other via equation (5). Moreover,
if one of the MSSM Yukawa couplings is induced by an instanton which also
generates the µ-term or the Weinberg operator, one obtains serious constraints
on the string scale Ms.
In this chapter we analyze the situation where the Weinberg operator is in-
duced effectively via the type I seesaw mechanism. We will see that generi-
cally one can obtain realistic neutrino masses even without lowering the string
scale [15, 17, 22–25]. This is due to the fact that the suppression factor of the
instanton which induces the Majorana masses is generically independent of the
scale of the Dirac mass, whether perturbatively present or non-perturbatively
generated.
However, as encountered in [10], the Majorana mass and Dirac mass scale are
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related in the case that the same instanton generates both, since the instanton
suppression governs those scales. In that case the induced neutrino masses are
too small to account for the observed values unless the string scale is lowered.
Furthermore, we will analyze the case where one is required to lower the string
scale in order to obtain a realistic µ-term, analogously to section 2.3.
We emphasize that the type I seesaw mechanism is the only mechanism we
consider for the effective generation of the Weinberg operator, due to its relative
simplicity. Other mechanisms do exist, of course, including the type II and type
III seesaw mechanisms, as well as the possibility of generating the Weinberg
operator via dimension four R-parity violating couplings, such as qLLdR [45,
46]. The latter might be seen as rather natural in the context of orientifold
compactifications, where an instanton whose presence is required to generate a
forbidden Yukawa coupling often generates a dimension four R-parity violating
coupling, as well. However, the R-parity violating couplings generated in this
way are often not suppressed enough to satisfy stringent experimental bounds,
since their scale is tied to that of a Yukawa coupling via the instanton suppression
factor. For these reasons, we focus on the type I seesaw mechanism, which we
now discuss.
3.1 The Generic Seesaw Mechanism
In the presence of a Dirac mass term which does not account for the small neutrino
masses4, a large Majorana mass term for the right-handed neutrinos can explain
the observed small masses via the seesaw mechanism. When generated by D-
instantons, these mass terms take the form
e−S
Dirac
ins LI HuN
J
R e
−SMajoins MsN
I
RN
J
R . (22)
These terms give a mass matrix of the form5
mν =
(
0 e−S
Dirac
ins 〈Hu〉
e−S
Dirac
ins 〈Hu〉 e
−SMajoins Ms
)
, (23)
where 〈Hu〉 denotes the VEV of the Higgs field and Ms is the string mass. If
the Majorana mass term for the right-handed neutrinos is much larger than the
Dirac mass term, then the mass eigenvalues of mν are of the order
m1ν =
e−2S
Dirac
ins 〈Hu〉
2
e−S
Majo
ins Ms
and m2ν = e
−SMajoins Ms . (24)
4However, see [31] for an intriguing mechanism to obtain small Dirac neutrino masses via
D-instanton effects.
5For simplicity we display the neutrino mass matrix for one family only.
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Taking 〈Hu〉 ≃ 100GeV and the observed neutrino mass m
1
ν ≃ 10
−1 eV , this
relates the string scale Ms to the two suppression factors e
−SDiracins and e−S
Majo
ins
via the relation
Ms ≃
e−2S
Dirac
ins
e−S
Majo
ins
1014GeV . (25)
Note that in contrast to the stringy Weinberg operator discussed in the previous
section, here we do not have to lower the string scale to obtain realistic neutrino
masses. Thus, even for the generic string scaleMs ≃ 10
18GeV , we obtain realistic
neutrino masses if the suppression factors satisfy
104 ≃
e−2S
Dirac
ins
e−S
Majo
ins
. (26)
Of course, being able to satisfy this crucially depends on the fact that the instan-
ton suppression factors are not related to one another.
3.2 The Seesaw with Lower String Scale
We saw that for a Weinberg operator induced by the type I seesaw mechanism, one
can generically obtain neutrino masses in the observed range for the string scale
Ms ≃ 10
18GeV , as long as the suppression factors of the Dirac and Majorana
mass inducing instantons satisfy the condition (26). This is due to the fact
that the seesaw neutrino masses contain two parameters, e−S
Dirac
ins and e−S
Majo
ins ,
while the neutrino masses generated via a D-instanton induced Weinberg operator
depend only one parameter, namely e−S
WB
ins .
However, the situation changes if the same instanton generates both the Dirac
mass and Majorana mass terms. Then we have
e−Sins ≡ e−S
Dirac
ins = e−S
Majo
ins (27)
in equation (23), and the seesaw masses take the form
m1ν = e
−Sins
〈Hu〉
2
Ms
and m2ν = e
−Sins Ms . (28)
Note that the light mass eigenvalue is in a form similar to the one encountered in
the previous chapter, where the neutrino masses arose from a Weinberg operator
induced by a D-instanton. With the generic values Ms ≃ 10
18GeV , 〈Hu〉 ≃
100GeV , and an O(1) instanton suppression factor, this gives neutrino masses
of order 10−5 eV , which is too small by a few orders of magnitude. Thus, in
this case, the type I seesaw mechanism cannot account for the observed order of
the neutrino masses unless Ms is significantly lower than 10
18GeV . The relation
12
between the string scale and the suppression factor which has to be satisfied in
order to obtain neutrino masses of the order 10−1 eV is
Ms
e−Sins
= 1014GeV . (29)
This is precisely the same relation as (3), except that now it has arisen as a
special case of the type I seesaw mechanism, rather than from a stringy Weinberg
operator. As before, we know that e−Sins is at most O(1), so that in this scenario
the string scale has to satisfy Ms . 10
14GeV .
We now present a four stack quiver which realizes such a scenario. The hyper-
charge for this quiver is U(1)Y = −
1
3
U(1)a−
1
2
U(1)b, and its matter content and
transformation behavior is given in Table 3. Note that this quiver was encoun-
tered in the systematic analysis performed in [10] and corresponds to solution 3
in Table 7 of [10]. In this quiver, the Dirac mass term LI HuN
J
R and Majorana
Sector Matter Fields Transformation Multiplicity Hypercharge
ab qL (a, b) 3
1
6
ad′ dR (a, d) 3
1
3
aa′ uR a 3 −
2
3
bc′ Hu Hd (b, c) (b, c) 1
1
2
− 1
2
bd L (b, d) 3 −1
2
bb′ ER b 3 1
cd′ NR (c, d) 3 0
Table 3: Spectrum for a quiver with U(1)Y = −
1
3
U(1)a −
1
2
U(1)b.
mass term N IRN
J
R both have charge
Qa = 0 Qb = 0 Qc = −2 Qd = −2 (30)
under the global U(1)’s. Couplings of this charge can be induced by an instanton
E2 with intersection pattern
IE2a = 0 IE2b = 0 IE2c = −2 IE2d = −2. (31)
This is precisely the case discussed above, where the same instanton generates
both the Dirac mass term and the Majorana mass term. Therefore there is an
upper bound Ms . 10
14GeV in order to obtain neutrino masses of the correct
order. Since the µ-term is perturbatively present and E2 does not generate any
of the Yukawa couplings, there is no interplay between these effects which would
further constrain Ms.
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3.3 Lower string scale due to µ-term
As discussed in section 2.3, one might have to lower the string scale in order to
obtain a realistic µ-term. This happens if one of the instantons which induces
a perturbatively forbidden, but desired, Yukawa coupling also generates the µ-
term [9]. In that case,
e−Sins ≡ e−S
µ
ins ≃ e−S
Y uk
ins (32)
and in order to get realistic mass hierarchies we have
10−5 ≤ e−Sins ≤ 1 . (33)
To obtain a µ-term of the correct order, this requires
Ms ≃
(
103 − 107
)
GeV . (34)
From equation (25), we see that a string mass in this range requires the suppres-
sion factors e−S
Dirac
ins and e−S
Majo
ins to satisfy
10−11 ≤
e−2S
Dirac
ins
e−S
Majo
ins
≤ 10−7 . (35)
Note that if the Dirac neutrino mass term is realized perturbatively, then e−S
Dirac
ins ≃
1 and the Majorana mass term is not large enough to account for the small neu-
trino masses via the seesaw mechanism. In this case they would be larger than
observed. Furthermore, if the Dirac neutrino mass term is induced by an instan-
ton which also generates another perturbatively forbidden Yukawa coupling, then
e−S
Dirac
ins = e−S
Y uk
ins , and e−S
Majo
ins can only live in the small window
10−3 . e−S
Majo
ins . 1. (36)
This is a consequence of the relation between the Dirac mass term and Yukawa
coupling inducing instanton suppressions, the relation (35), and the fact that
any instanton suppression is at most O(1). If, on the other hand, the instanton
which generates the Dirac mass term does not generate a perturbatively forbid-
den Yukawa coupling or the Majorana mass term, then its suppression factor is
unconstrained and one can obtain realistic neutrino masses, in accord with (35).
As an example, we present a four-stack quiver with the hypercharge embed-
ding U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d, whose matter content and transfor-
mation behavior is given in Table 4. In this quiver, the µ-term HuHd and the
Yukawa couplings qILHu u
1
R have global U(1) charge
Qa = 0 Qb = 0 Qc = −1 Qd = 1 . (37)
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Sector Matter Fields Transformation Multiplicity Hypercharge
ab qL (a, b) 3
1
6
ac dR (a, c) 3
1
3
ac′ u1R (a, c) 1 −
2
3
ad′ u2,3R (a, d) 2 −
2
3
bc′ Hd (b, c) 1 −
1
2
bd L (b, d) 3 −1
2
bd′ Hu (b, d) 1
1
2
bb′ NR b 3 0
cc′ E2R c 1 1
dd′ E2,3R d 2 1
Table 4: Spectrum for a quiver with U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d.
Couplings of this charge can be induced by an instanton E21 with intersection
pattern
IE2a = 0 IE2b = 0 IE2c = −1 IE2d = 1. (38)
If the instanton E2 is to account for the observed up-quark mass, then the sup-
pression factor is fixed to be e−SE2 ≃ 10−5 and the string scale must be of the
order
Ms ≃ 10
7GeV. (39)
In this quiver the Dirac mass term LHuNR is perturbatively realized and, as
discussed above, one cannot obtain realistic neutrino masses via the seesaw mech-
anism. It turns out that if one allows for a lower string scale and thus relaxes
the conditions on the non-perturbative generation of the µ-term6, there are no
additional four-stack quivers compared to the ones found in [10]. It is for the rea-
son that we have presented a quiver which does not allow for realistic neutrino
masses. However we expect the situation to change if the MSSM realization is
based on five D-brane stacks. In that case we expect that lowering the string
scale to account for a realistic non-perturbative µ-term will increase the number
of realistic bottom-up MSSM-quivers.
4 Conclusions
Perhaps the most astonishing experimental particle physics results in recent mem-
ory is the the existence of very small neutrino masses, which differ from the
6Here we implemented in addition to the constraints laid out in [10] also constraints on
dimension five operators discussed in [11–13].
15
top-quark mass by over ten orders of magnitude. The existence of such a discrep-
ancy in nature is fascinating, and much effort has been dedicated to investigating
possible explanations. One answer, of course, is that the masses“are what they
are.” But this isn’t very satisfying, particularly since another explanation might
give insight into fundamental theory or beyond the standard model effective the-
ory. Many effective and string theoretic explanations have been developed to
this end, including a number of “seesaw” mechanisms and neutrino mass terms
directly induced by D-instanton effects in type II superstring theory.
The small scale of the neutrino masses is not the only interesting experimen-
tally observed scale in particle physics, of course. The Yukawa couplings, with
their disparate mass scales and mixing angles, are also fascinating and further-
more it is important to have a µ-term of the correct order in the MSSM. As shown
in [9, 11], D-instanton effects may account for these observed mass hierarchies.
However, often times a D-instanton induces more than one of the perturbatively
forbidden couplings, which would relate their scales and therefore might pose
phenomenological problems [7,10,11]. The string scale Ms affects the scale of di-
mensionful parameters, though, and therefore a lower string scale might alleviate
these problems [9].
In this work we investigate the implications of a lower string scale for bottom-
up D-brane model building. We show that a lower string scale allows for a D-
instanton induced Weinberg operator to be the primary source for the neutrino
masses. For a generic string scale of 1018GeV , the latter would generate neutrino
masses much smaller than the observed ones [23]. Thus, a lower string scale
provides an option to obtain many semi-realistic bottom-up D-brane quivers.
However, a lower string scale sometimes also poses a serious problem. Specifically,
if the Dirac mass term is realized perturbatively and the Majorana mass is smaller
due to a lower string scale, then neutrino masses of the observed order cannot be
obtained via the type I seesaw mechanism.
In chapter 2, we discuss the scenario where the neutrino masses are due to a
D-instanton induced Weinberg operator. We show that the string scale has to be
lower than 1014GeV to obtain realistic neutrino masses. We further investigate
how the string scale might be further constrained to account for the observed mass
hierarchies if one D-instanton induces multiple desired superpotential couplings.
Finally we perform a systematic analysis similar to the one performed in [10,11]
of multi D-brane stack quivers, which exhibit the exact MSSM spectrum but
without right-handed neutrinos, where the observed order of the neutrino masses
are due to a stringy Weinberg operator.
In chapter 3, we investigate the generation of an effective Weinberg operator
via the type I seesaw mechanism. While generically the type I seesaw mechanism
can account for the observed neutrino masses even with the usual string scale, it
sometimes happens that the same instanton which induces the Majorana mass
term for the right-handed neutrinos also generates the Dirac neutrino mass term
[10]. In that case one encounters a situation anologous to the stringy Weinberg
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operator and one is forced to lower the string scale to account for the observed
neutrino masses. As in chapter 2, we further analyze the implications on the
string scale if a D-instanton induces multiple desired, but perturbatively missing,
superpotential couplings. We encounter a large tension between getting realistic
neutrino masses and a µ-term of the desired order if the latter is induced by a D-
instanton which also induces one of the perturbatively missing Yukawa couplings.
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A Results of a Systematic Analysis
In this appendix we present the results of a systematic analysis of four-stack and
five-stack quivers that exhibit the exact MSSM spectrum without right-handed
neutrinos. Similarly to the analysis performed in [10], we impose top-down and
bottom-up constraints, which arise from global consistency conditions of D-brane
compactifications and experimental observations, respectively. All quivers pre-
sented allow for the observed order of the neutrino masses to be accounted for
by a stringy Weinberg operator, discussed in chapter 2.
Below we display all the top-down and bottom-up constraints we impose in
the systematic analysis. The four- and five-stack quivers passing these constraints
serve as a good starting point for future D-brane model building. The constraints
are as follows:
• Tadpole cancellation, which is a condition on the cycles that the D-branes
wrap, imposes constraints on the transformation behavior of the chiral mat-
ter. For a stack a of Na D-branes with Na > 1, the constraints read
#(a)−#(a) + (Na − 4)#( a) + (Na + 4)#( a) = 0 , (40)
which is equal to the anomaly cancellation for Na > 2 but also holds for
Na = 2. For Na = 1 the constraint is slightly modified due to the absence
of anti-symmetric tensors and takes the form
#(a)−#(a) + 5#( a) = 0 mod 3 . (41)
We require the constraints to be satisfied for all D-brane stacks by the chiral
matter content of the respective quiver.
• In a fashion similar to tadpole cancellation, the presence of a massless U(1)Y
puts constraints on the cycles that the D-branes wrap. These again imply
constraints on the transformation behaviour of the chiral matter, which are
given by∑
x 6=a
qxNx#(a, x)−
∑
x 6=a
qxNx#(a, x) = qaNa
(
#( a) + #( a)
)
(42)
for Na > 1 and
∑
x 6=a
qxNx#(a, x)−
∑
x 6=a
qxNx#(a, x) = qa
#(a)−#(a) + 8#( a)
3
(43)
for Na = 1. We require these constraints to be satisfied by the matter
content of the respective quiver.
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• We require that the chiral spectrum of the quivers is the exact MSSM
spectrum without right-handed neutrinos. Thus the top-down constraints
arising from tadpole cancellation and the presence of a massless U(1)Y have
to be satisfied within the MSSM spectrum.
• The MSSM superpotential couplings
qLHu uR qLHd dR LHdER HuHd (44)
are either realized perturbatively or in case they violate global U(1) selec-
tion rules and thus are perturbatively forbidden they will be induced by
D-instantons, in such a way that all three families of quarks and charged
leptons acquire masses.
• The small neutrino masses are due to a D-instanton induced Weinberg
operator as discussed in chapter 2.
• We require the absence of the R-parity violating couplings
dR dR uR LLER qL LdR LHu (45)
on the perturbative level. Furthermore, we require that they are not gener-
ated by an instanton whose presence is required to generate a perturbatively
forbidden, but desired, MSSM superpotential coupling.
• We require the absence of the dangerous dimension 5 proton decay operators
uR uR dRER and qL qL qL L (46)
on the perturbative level. Furthermore, we require that they are not gener-
ated by an instanton whose presence is required to generate a perturbatively
forbidden, but desired, MSSM superpotential coupling.
• For a very low string scale also the dimension 5 operator
κ
Ms
qL qL qLHd (47)
might lead to dangerously high rates for ∆B = ±2 processes7 such as neu-
tron oscillations or nucleon-nucleon annihilation in a nucleus. There is some
theoretical uncertainty in the experimental bound [45], but a conservative
estimate is
κ 〈Hd〉
Ms
≤ 10−8 , (48)
7The rate for proton decay induced by the combination of this operator and the Weinberg
operator is negligibly small because it would require an additional source of R-parity violation.
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where Ms denotes the string scale and 〈Hd〉 is the vev of Hd. For a small
string scale one has to ensure that this operator is perturbatively absent
and moreover check if none of the instantons whose presence is required
to induce some of the perturbatively missing but desired Yukawa couplings
does not generate also this operator.
• We require that the top-quark Yukawa coupling is realized perturbatively,
or in case it is induced non-perturbatively all other Yukawa couplings are
also perturbatively forbidden. In the latter case the quiver can still account
for the observed hierarchy between the top-quark mass and all other matter
field masses.
• We rule out any quiver which clearly exhibits too much mixing between
different quark families.
The quivers presented in this appendix represent all three-stack, four-stack,
and five-stack MSSM quivers which satisfy all of these constraints.
Three-Stack Quivers
For the three-stack quivers one has two potential hypercharge embeddings com-
patible with the top-down constraints, namely
U(1)Y =
1
6
U(1)a +
1
2
U(1)c U(1)Y = −
1
3
U(1)a −
1
2
U(1)b .
For both embeddings one can show that there exists no quiver which passes all
the bottom-up constraints laid out above.
Four-Stack Quivers
Let us turn to the four-stack quivers. Below we display all possible hypercharge
embeddings which are in agreement with the hypercharge assignments of the
MSSM matter fields [47]. Requiring that each D-brane stack is populated allows
for the following hypercharge embeddings
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
3
2
U(1)d
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
1
2
U(1)d
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)d .
Only for two embeddings do we find quivers which pass all the constraints
that we impose. They are listed in Tables 5 and 6.
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Solution #
qL dR uR L ER Hu Hd
(a, b) (a, c) (a, d) a (b, c) (c, d) b (b, d) (b, c) (b, d)
1 3 3 3 0 3 1 2 1 1 0
2 3 3 3 0 3 0 3 1 0 1
3 3 3 0 3 3 0 3 1 0 1
Table 5: Spectrum for the solutions with U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)d.
Solution #
qL dR uR L ER Hu Hd
(a, b) (a, d) a (b, d) b (b, c) (b, c)
1 3 3 3 3 3 1 1
Table 6: Spectrum for the solutions with U(1)Y = −
1
3
U(1)a −
1
2
U(1)b.
Five-Stack Quivers
For the five stack quivers we have the following hypercharge embeddings, which
are in agreement with the hypercharge assignment of the MSSM matter fields.
Again we require that all D-brane stacks are populated, which results into the
following choices
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
3
2
U(1)e
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
3
2
U(1)d +
3
2
U(1)e
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
3
2
U(1)d +
5
2
U(1)e
• U(1)Y =
1
6
U(1)a +
1
2
U(1)c + xU(1)d + (x− 1)U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
1
2
U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
1
2
U(1)d +
1
2
U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
1
2
U(1)d + U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
1
2
U(1)d +
3
2
U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)d + U(1)e
• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)d + 2U(1)e
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• U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + xU(1)d + (x− 1)U(1)e
Again only a small subset of the hypercharge embeddings exhibit quivers which
pass the constarints laid out above and thus give rise to a realistic phenomenology.
The quivers are listed in Tables 7, 8, and 9. Below we show that the hypercharge
embeddings which contain the free parameter x do not give rise to any solutions.
Solution #
qL dR uR L ER Hu Hd
(a, b) (a, c) (a, d) (a, e) a (b, c) (b, d) (c, e) (c, e) b (b, c) (b, e) (b, c) (b, c) (b, d)
1 3 0 3 3 0 0 3 0 1 2 0 1 0 1 0
2 3 0 3 3 0 0 3 0 0 3 1 0 1 0 0
3 3 1 2 3 0 2 1 1 0 2 0 1 0 0 1
4 3 0 3 2 1 0 3 0 0 3 1 0 1 0 0
5 3 0 3 1 2 0 3 0 0 3 1 0 1 0 0
6 3 0 3 0 3 0 3 0 1 2 0 1 0 1 0
Table 7: Spectrum for the quivers with U(1)Y = −13 U(1)a −
1
2
U(1)b + U(1)e.
Solution #
qL dR uR L ER Hu Hd
(a, b) (a, c) (a, d) (a, e) a (b, c) (c, d) (c, e) b (b, d) (b, e) (b, c) (b, d) (b, e)
1 3 3 0 3 0 3 0 0 3 1 0 0 1 0
2 3 3 1 2 0 3 0 1 2 0 1 1 0 0
3 3 3 1 2 0 3 1 0 2 1 0 1 0 0
4 3 3 1 2 0 3 0 0 3 0 1 0 0 1
5 3 3 1 2 0 3 0 0 3 1 0 0 1 0
6 3 3 0 2 1 3 0 0 3 1 0 0 1 0
7 3 3 0 1 2 3 0 0 3 1 0 0 1 0
Table 8: Spectrum for the quivers with U(1)Y = −
1
3
U(1)a−
1
2
U(1)b +U(1)d +U(1)e.
Solutions in Table 9 marked with a ♦ denote a quivers where an instanton
which is required to generate a Yukawa coupling also generates the Weinberg op-
erator. As discussed in section 2.2 in such a scenario the string scale Ms is in the
range 109 − 1014GeV . Quivers marked with ♥ denote a setups where an instan-
ton which is required to generate a Yukawa coupling also generates the µ-term.
As discussed in section 2.3, in such a case the string scale is further constrained.
Setups marked with a ♣ denote quivers where an instanton which generates the
Weinberg operator also generates an R-parity violating coupling. For those quiv-
ers the string scale should be rather low such that the Weinberg operator inducing
instanton suppression is large. Then the simultaneously induced R-parity violat-
ing coupling is also highly suppressed and may be compatible with experimental
observations. Whether or not the induced R-parity violating coupling indeed
poses phenomenological problems needs to be checked carefully.
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Solution #
qL dR uR L ER Hu Hd
(a, b) (a, b) (a, c) (a, d) (a, e) (a, c) (a, d) (a, e) (b, d) (b, d) (b, e) (b, e) (c, d) (c, e) (d, e) c d e (b, c) (b, c) (b, d) (b, d) (b, e) (b, e) (b, c)
1 2 1 0 0 3 0 1 2 0 3 0 0 0 0 3 0 0 0 1 0 0 0 0 0 1
2 2 1 0 0 3 0 1 2 0 3 0 0 0 0 1 0 1 1 1 0 0 0 0 0 1
3♥♣ 2 1 3 0 0 1 0 2 1 1 0 1 1 1 0 0 0 1 0 0 0 0 0 1 1
4♥ 2 1 0 0 3 1 1 1 0 3 0 0 1 1 0 0 1 0 0 0 0 0 1 0 1
5♥ 2 1 0 0 3 1 1 1 0 3 0 0 2 0 1 0 0 0 0 0 0 0 1 0 1
6♥ 2 1 0 0 3 1 1 1 0 3 0 0 0 0 1 1 1 0 0 0 0 0 1 0 1
7♦ 2 1 3 0 0 1 1 1 0 2 1 0 0 2 0 0 1 0 0 0 0 1 0 0 1
8♦ 2 1 3 0 0 1 1 1 0 2 1 0 2 0 0 0 0 1 0 0 0 1 0 0 1
9♦ 2 1 3 0 0 1 1 1 0 2 1 0 0 0 0 1 1 1 0 0 0 1 0 0 1
10 2 1 0 3 0 2 0 1 0 0 0 3 0 3 0 0 0 0 1 0 0 0 0 0 1
11 2 1 0 3 0 2 0 1 0 0 0 3 0 1 0 1 0 1 1 0 0 0 0 0 1
12♥ 2 1 3 0 0 2 0 1 0 2 1 0 1 2 0 0 0 0 0 1 0 0 0 0 1
13♥ 2 1 3 0 0 2 0 1 0 2 1 0 1 0 0 1 0 1 0 1 0 0 0 0 1
14 1 2 0 0 3 0 1 2 3 0 0 0 0 0 3 0 0 0 1 0 0 0 0 0 1
15 1 2 0 0 3 0 1 2 3 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 1
16♥ 1 2 0 0 3 1 0 2 3 0 0 0 0 2 1 0 0 0 0 0 1 0 0 0 1
17♥ 1 2 0 0 3 1 0 2 3 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 1
18 1 2 0 3 0 1 0 2 0 0 3 0 0 2 0 0 0 1 0 0 0 0 1 0 1
19 1 2 0 3 0 1 0 2 0 0 3 0 0 0 0 1 0 2 0 0 0 0 1 0 1
20 1 2 0 3 0 2 0 1 0 0 3 0 0 3 0 0 0 0 1 0 0 0 0 0 1
21 1 2 0 3 0 2 0 1 0 0 3 0 0 1 0 1 0 1 1 0 0 0 0 0 1
Table 9: Spectrum for the quivers with U(1)Y = 16 U(1)a+
1
2
U(1)c+
1
2
U(1)d+
1
2
U(1)e.
A.1 Hypercharge: U(1)Y = ...+ xU(1)d + (x− 1)U(1)e
In this section we will prove that the two hypercharge embeddings
U(1)Y =
1
6
U(1)a +
1
2
U(1)c + xU(1)d + (x− 1)U(1)e
(49)
U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + xU(1)d + (x− 1)U(1)e
do not give rise to any quivers which satisfy the top-down constraints arising
from tadpole cancellation and the presence of the massless U(1)Y . As before, we
focus strictly on the case that the quiver exhibits the exact MSSM spectrum. For
generic x in both embeddings, the only field charged under the U(1)d and U(1)e is
the right-handed charged lepton ER, transforming as (d, e). Tadpole cancellation
(see eq. (41)) requires that all three families are located at intersections of the
stacks d and e8. Thus, for both embeddings we have all three right-handed
charged leptons transforming as (d, e). Now it is easy to show that this in not
compatible with the condition (43), which ensures that the hypercharge (49)
indeed survives as gauge symmetry.
8The case that none of the ER’s are charged under the U(1)d and U(1)e would also satisfy
condition (41), but then the stacks d and e would not be populated at all, and one would have
a three-stack quiver rather than a five-stack quiver.
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